Abstract: AA8090, a certain type of Al-Li alloy, has been widely used in the aerospace industry because of its low density and high strength after heat treatment. In this research work, the AA8090/6% SiC p composite was produced by modified stir casting and then subjected to hot extrusion treatment. One part of the extruded rod was used to prepare the wear test samples and the remaining part was converted to strips with 2 mm thickness via hot rolling process. Three processes, including precipitation hardening with conventional heating, age hardening with rapid heating, and precipitation after directional quenching, were done on samples. The results of the mechanical properties revealed that precipitation hardening after directional quenching reduced the peak of hardness time from 16 to 6 h, increased the peak of hardness by 20%, and improved the tensile strength, yield stress, and elongation by 16%, 16%, and 40%, respectively. The results of wear test indicated that, at the load of 10 N, abrasive wear was the dominant wear mechanism. Increase in load showed delamination, and at the load of 30 N, a transition from mild wear to severe wear occurred due to a change in wear mechanism to adhesive wear. At this load, the samples without heat treatment showed the lowest wear rate in comparison to the samples subjected to heat treatment. By and large, the specimens heat treated with directional quenching among the other heat-treated specimens showed the higher wear resistance at all of loads.
Introduction
In recent years, progress in the aerospace industry has led to extensive investigations to achieve lightweight and high-strength alloys. The ever-increasing use of light alloys in various industries and the need for more appropriate properties have resulted in the development of aluminum-lithium (Al-Li) alloys. Li is the lightest metallic element, and the addition of 1 wt.% of this element to Al-based alloys causes the drop of density by 3% and the improvement of elastic modulus by 6% [1, 2] . Furthermore, the addition of a little amount of Li to Al alloys promotes the precipitation hardening of these alloys by the formation of uniformly distributed spherical and coherent precipitates of δ′ (AL 3 Li) during the aging process. Thus, a combination of lower density and precipitation hardening feature induced by the presence of Li is the main reason for choosing this alloying element to develop lowdensity Al-based alloys [3] . In fact, the aging process of Al-Li alloys is the continuous precipitation of δ′ (AL 3 Li) from the supersaturated solid solution of α. In δ′ precipitates, Al and Li occupy specific sites; the Li atoms grasp the corners and the Al atoms take up the faces. There are geometrical similarities between the lattice of δ′ precipitates and that of α-FCC solid solution [4, 5] . Due to their long-range order structure, δ′ precipitates have a considerable effect on the slip processes in Al-Li alloys. This effect controls the dislocation decomposition mechanism and consequently affects the deformation process. The low ductility and toughness of these alloys could be related to the nonuniform slip phenomenon resulting from the nonuniform distribution of δ′ precipitates [3] . The addition of magnesium (Mg) and copper (Cu) elements to these alloys leads to the formation of other precipitates such as T 1 (Al 2 CuLi), S′ (Al 2 LiMg), θ′ (Al 2 Cu), and S (Al 2 CuMg), which have great influence on the properties of these alloys. These precipitates have preferred orientations and tend to be textured. T 1 (Al 2 CuLi) precipitates have large coherency strains; however, when nucleating on dislocations, these strains drop to a minimum. Indeed, it has been proven that the presence of dislocations is vital for the nucleation of T 1 phase. Similar effects have been shown for S′ (Al 2 LiMg) precipitates in the Al-Li-Cu-Mg alloys (e.g. in 8090 alloy) [3] . Due to the effect of dislocations on the precipitation hardening process in these alloys, deformation is often applied before aging to increase the dislocation densities and hence to provide more potential sites for the nucleation of strengthening precipitates [3] .
Metal-matrix composites have become very important because of their attractive and useful properties. Al-matrix composites, owing to their high specific strength and good wear resistance, have attracted great attention in the last three decades [6, 7] . Most of the Al-Li matrix composites, such as SiC w /Al-Li or SiC p /Al-Li, are produced by melt stirring, powder metallurgy, squeeze casting, or spray deposition methods [7] . The melt stirring method, or also known as stir casting, is currently one of the simplest and most economical methods to manufacture dispersionstrengthened materials. To achieve a relatively perfect microstructure, the manufacturing parameters should carefully be controlled in this method. Using nonoptimized parameters could lead to low density and unfavorable microstructure, which in turn would result in low mechanical properties [7] . Although, in this method, the poor wetting of ceramic particles by the melt of metal impedes the proper distribution of the secondary phase, the capability of fabricating products with large size as well as employing a conventional equipment of casting makes this method highly advantageous. The formation of porosities and reactions at the interface can be considered as the disadvantages of this method.
In this research, an AA8090/6% SiC p composite with a mean particle size of 25 μm was synthesized by the modified stir casting method followed by subjecting to hot extrusion. The effects of heat treatment with conventional heating, aging with rapid heating, and precipitation hardening after directional quenching at 190°C on the tensile and wear properties of this composite at the time corresponding to maximum hardness obtained from each heat treatment cycle were investigated.
Materials and methods
Al-50% Cu, Al-50% Mg, and Al 3 Zr master alloys and pure Li and SiC particles with an average size of 40 μm were used to fabricate AA8090 composite by the modified version of conventional stir casting technique [8] . By the way, the stir casting system was equipped with bottom-pour casting. Then, the cast composite was hot extruded at 500°C with an extrusion ratio of 12:1. The wear test specimens were Figure 1 .
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cut out from the cylindrical extruded samples in shapes of cubic pins with a width of 5 mm and a length of 15 mm using a wire-cutting device. The remaining extruded bars were shaped to strips of 2 mm in thickness using a hot rolling process at 500°C. These strips were then used to produce square specimens with a length of 1 cm for the hardness test and tensile specimens according to ASTM E8 (subsize) standard ( Figure 1 ; Table 1 ). Thereupon, the specimens were subjected to three types of precipitation hardening heat treatment processes. In the first type, the specimens were solutionized at 530°C for 1 h, and then quenched at 0°C water, followed by precipitation hardening at 190°C in an electric oven. In the second type, the specimens were subjected to the same solutionizing process, but in this case a furnace equipped with infrared tubes with a heating power of 50°C/min was employed for aging and the specimens were precipitation hardened with rapid heating at 190°C. In the third type, the specimens were directionally quenched, such that the tensile and hardness test specimens were placed on a refractory fiber with one face in contact with the fiber and the other face was free. After compressing the fiber, the specimens were connected with narrow Cu wires, ensuring that no space was left between them. It should be noted that, in this case, the heat transfer from the 2 mm-thick surfaces was neglected. A wooden mold was made for the wear specimens, and the wear pins were put inside these molds from their 15 × 5 mm side. A mixture containing 90 vol.% alumina powder and 10 vol.% water was prepared to cast into the wooden mold. Figure 2 shows the schematic of the wear test specimen in alumina mass. After drying the alumina insulator containing wear specimens at 100°C, they were prepared for solutionizing Li, Mg, and Cu in the matrix lies in the standard composition range of the AA8090 alloy. The SEM micrograph of the AA8090/6% SiC p composite is shown in Figure 3 . The secondary electron mode was chosen to better display the distribution of reinforcement particles. Considering the large hydrostatic compressive stresses applied to the material during extrusion, the internal hydrostatic tensile stresses at the ends of the particles were completely relieved and the existing initial voids were eliminated as a result of 3D compressive stresses present in the matrix. Finally, the bond quality at the matrix-particle interface was improved, whereas a more uniform distribution of the particles by breaking the clusters of SiC particles was obtained.
Hardness measurements
The results of hardness tests after heat treatment for different times for composite samples are shown in Figure 4 .
As it is evident, for all three heat treatment types, the hardness curves show almost the same trend; the hardness increases until it reaches a peak and then decreases.
treatment. The solutionizing treatment of these specimens was carried out at the same time and temperature as the other samples followed by the quenching of their nonisolated face in water with a temperature of 0°C and then aging at 190°C using an electric oven. The hardness test was conducted on all heat-treated specimens, and the maximum hardness and its corresponding time for each heat treatment type were determined. Three tensile specimens for each type of heat treatment were then heat treated to reach the maximum hardness. The tensile test was then carried out on them with a 10-ton force apparatus and a strain rate of 1 mm/min.
Wear test was also performed on the precipitationhardened specimens with loads of 10, 20, and 30 N at times corresponding to the maximum hardness obtained from the related heat treatment. Wear test was repeated three times for specimens at all of loads. To determine the time of precipitation hardening treatment that gives the maximum hardness, a wear specimen was subjected to microhardness test at different times. Wear test was done by pin-on-disc method with a distance of 1000 m and a linear velocity of 0.25 m/s for each sample. The disc was made of AISI 52100 steel, which was polished with a magnetic grinding machine before the test. The wear pins were fully washed and cleaned with acetone before testing, and their weight was measured with a digital scale with a precision of 0.0001 g before and after the test. Scanning electron microscopy (SEM) was used to investigate the microstructure and distribution of SiC particles in the extruded composite, the surface of the specimens after wear test, and the fractography of the fracture surfaces of the tensile samples. Table 2 presents the results of the chemical analysis of the composite matrix. As it can be seen, the amount of The noticeable differences in these curves are the value of maximum hardness and the required time corresponding to that value for different heat treatment procedures.
Results and discussion

Chemical composition and structural evolution
The reason for the increase in the hardness value can be mainly attributed to the formation of the precipitating phases. It should be noted that, due to the high temperature of the precipitation hardening treatment and the thermodynamic instability of GP zones at elevated temperatures, the formation of these zones is therefore not feasible. The comparison of hardness curves in Figure 4 indicates that the time required to reach the hardness peak for composite specimens of AA8090/6% SiC p aged in the electric oven is greater than that of those subjected to precipitation hardening in an infrared furnace with rapid heating or those precipitation hardened after directional quenching. The maximum value of hardness achieved for this type of heat treatment is also lower than those of the two other types of heat treatment [9, 10] . The reason that the precipitation-hardened specimens in the infrared furnace show lower time to obtain maximum hardness than the aged ones in the electric oven is the increase in diffusion-controlled processes that occur during rapid heating. The increase in diffusion during rapid heating has been attributed to the generation of thermal stresses and also the amount of nonequilibrium vacancies left from the dislocation climb process under thermal stresses and the consequent formation of a dense flux of vacancies due to a stress slope. The rapid heating leads to the occurrence of unbalanced driving forces, which significantly speed up the processes controlled by diffusion (i.e. nucleation and growth of the secondary phases happening during the age hardening treatments). By applying rapid heating to the sample, it undergoes thermal and thermoelastic stresses [11, 12] . These factors occurring during precipitation hardening by an infrared furnace that is capable of rapid heating at 50°C/min (depending on the power of the tubes) decrease the time required to reach the maximum hardness. In this work, for the AA8090/6% SiC p , this time decreases from 16 h for the conventional aging process to 8 h for the rapid heating aging process (the time required to reach the maximum hardness for precipitation hardening with rapid heating has declined to half of its value in conventional heat treatment). The comparison between the values of the maximum hardness of the specimens aged in the infrared furnace (120 Brinell) and the one obtained for the conventionally aged specimens (100 Brinell) shows a 20% increase.
According to the fact that the nucleation of S′ (Al 2 LiMg) and S (Al 2 CuMg) precipitates requires the presence of dislocations that are formed due to the high coherency strains, and as it was previously mentioned that the density of dislocation on which the vacancies are accumulated raises during precipitation hardening treatment in the infrared furnace, there are therefore potential highenergy sites for the nucleation of S′ precipitates. Thus, it is expected that, in this type of heat treatment, the formation of strengthening δ′ (AL 3 Li) precipitates is accompanied by the nucleation and growth of S′ (Al 2 LiMg) on dislocations, justifying the increase of hardness in comparison with the one obtained by the conventional heat treatment.
A comparison between the hardness curve of specimens heat treated after directional quenching and that of conventionally heat-treated samples reveals that similar effects exist for the specimens aged after directional quenching, as mentioned for those precipitation hardened in the infrared furnace. The time required to attain the maximum hardness was accordingly reduced to 6 h for this type of heat treatment, and the maximum hardness became 120 Brinell. It should be noted that the principal difference between directional quenching and normal quenching (3D) in the precipitation hardening treatment (T 6 ) is the appearance of thermoelastic stresses in the case of directional quenching. These stresses can spread throughout the specimen and theoretically increase the driving force of nucleation in whole of the sample. This probably results in increased amounts of strengthening precipitates in the matrix compared to the normal quenching. By applying the directional quenching, the hydrostatic pressure caused by the liquid was removed and replaced by directional thermoelastic stresses, which actually leads to an increase in energy and tendency for the nucleation of δ′ precipitates in certain directions (which in turn results in a further increase in the hardness of the directionally quenched specimens in comparison to normally quenched ones). The development of severe thermoelastic stresses throughout the sample probably increased the number and the volume fraction of δ′ precipitation-hardened specimens with directional quenching compared to T 6 -treated specimens, the elongation in these samples raised by 40%. In the case of heat-treated specimens in the infrared furnace and the directionally quenched specimen, it can be found that the latter has an ultimate tensile strength similar to rapidly heated specimens, but the elongation is almost three times as large as that of the specimens precipitation hardened in the infrared furnace, indicating that applying a directional quenching cycle was successful in promoting the tensile properties of AA8090 matrix composite. In fact, thermoelastic stresses that appeared in the tensile specimens during directional quenching may have been fully uniform and have occurred throughout the specimen homogeneously having caused the uniform nucleation of δ′ strengthening precipitates.
Figures 5-7 depict the SEM images of the fracture surface of the specimens subjected to different types of heat treatment.
As can be seen in Figure 5 , the fracture surface of AA8090/6% SiC p composite after precipitation hardening treatment at 190°C with directional quenching consists of large amount of voids or dimples with virtually good strengthening precipitates compared to normal quenching in the precipitation hardening heat treatment (T 6 ); hence, the maximum hardness was extremely increased. Table 3 summarizes the results of tensile tests carried out on AA8090/6% SiC p composite specimens at the time corresponding to the maximum hardness for different heattreated specimens. Same with what was mentioned for the increasing trend in the hardness between the precipitation-hardened specimens in the electric furnace and the aged ones in the infrared furnace, a 16% increase can be found in the yield strength and the ultimate tensile strength, which is in good agreement with the discussion made in the previous section.
Tensile test
This increase in strength of the precipitationhardened specimens with rapid heating compared to conventionally aged ones at their hardness peak has occurred at the expense of a pronounced decrease in elongation from 7.5% to 3.33%. This 55% decrease in elongation could probably be related to the dislocation-precipitation locks caused by heat treatment in the infrared furnace. As mentioned previously, heat treatment with rapid heating and the resulting thermal stresses increased the density of dislocations and the vacancies also accumulated on dislocations by means of various processes, such as dislocation climb, which eventually lead to the formation of highenergy zones for the nucleation of precipitations such as S and S′ with high coherency strains. The formation of these strengthening precipitates on these high-energy preferred sites bring about an interaction between the dislocation and the precipitation, which consequently pinned the dislocation. This effect troubled the motion of dislocations and resulted in a severe permeability loss. As a consequence, ductility was significantly reduced.
According to Table 3 , and by comparing the results of tensile test for directionally quenched specimens with an aging temperature of 190°C and those of tensile test for the precipitation-hardened specimens (T 6 ) with an aging temperature of 190°C, it can be seen that, in spite of the increase in the yield and ultimate tensile strength for the Figure 5: SEM micrograph of the fracture surface of AA8090/6% SiC p composite at peak aged after directional quenching.
also be as a consequence of uniform distribution of thermoelastic stresses throughout the tensile specimen. These stresses might lead to a uniform distribution of strengthening particles, especially δ′, which control the slip process in the Al-Li alloys. Based on the surface fracture image of the conventionally heat-treated specimen presented in Figure 6 , it can be observed that the amount of dimples for the quenched specimen was reduced relative to the sample presented in Figure 5 , which can be mainly attributed to its low ductility. The 7.5% ductility obtained for this specimen also explains the less observed dimples. However, a nonuniform distribution of ductility is evident in the fracture surface, which is probably caused by the nonuniform distribution of the precipitates induced by this type of aging treatment. Regarding the fracture surface image of the specimen rapidly heated in the infrared furnace presented in Figure 7 , the significant reduction in the dimples and the increase in the facet reflective surfaces are clearly on the account of brittleness of this specimen. The low ductility of 3.5% and the facet SEM images also indicate the low deformation induced in the specimen during fracture. Consequently, it appears that the surface strain mechanism is the responsible mechanism for this type of fracture.
Results of microhardness test obtained for wear specimens subjected to precipitation hardening with directional quenching
The microhardness test was conducted on the AA8090/6% SiC p wear specimen that was subjected to precipitation hardening treatment after directional quenching at various times to determine the time required to reach the maximum hardness for this specimen, and the results are shown in Figure 8 . depth, indicating that considerable deformation occurred during the fracture process in this specimen. Because the elongation in this specimen is approximately 10.5%, the observation of dimples and voids in the fracture surface is evident. A uniform distribution of dimples in the fracture surface also has great importance, as it implies the homogeneous distribution of ductility. Uniformity in the distribution of ductility across the fracture surface could According to the above results for the wear specimens, and after comparison with the results obtained for the Brinell hardness test in Section 3.2 for the specimens subjected to the aging process with directional quenching, the consistency between the results can be clearly seen, indicating that the thermoelastic stresses were effective for these specimens. This sample gained the maximum hardness of 172 Vickers after approximately 6.5 h. It needs mentioning that, because identical results were obtained from microhardness test on wear specimens subjected to the other types of heat treatment, these results have not been included here. However, for heat-treated specimens with directional quenching due to the differences both in dimensions of wear and hardness test specimens and in their directional quenching, the time required to reach the maximum hardness was determined.
Wear test
Figures 9-11 present the results of wear test on the AA8090/6% SiC p composite specimens subjected to different types of heat treatment at the time corresponding to their maximum hardness as well as the specimens without heat treatment. A comparison is also made in Figure 12 . As shown in Figures 9 and 10 , increasing the applied load from 10 to 20 N raised the wear rate for all AA8090/6% SiC p composite specimens under different conditions, evidently owing to the increase in the real contact surface between the two materials that increased the friction force and hence intensified the wear rate. However, as demonstrated in Figure 12 , a significant increase in wear rate is observed by increasing the load from 20 to 30 N, which is also reported by other authors [13] who have worked on AA8090/6% SiC p . At the loads of 10 and 20 N, the precipitation-hardened specimens under different heat treatment conditions exhibited lower wear rate than those of specimens without heat treatment, which is mainly due to the formation of strengthening particles during the heat treatment process. This decrease in wear rate in these loads is more noticeable for the rapidly heated and directionally quenched specimens compared to the conventionally heated ones. A similar effect can be explored in the results of the hardness test, where the hardness peak for these two types of heat treatment is also greater than that obtained by the other types. Thus, the presence of higher amounts of strengthening particles with better distribution in wear specimens under these two types of heat treatment may be another reason for more reduction of wear rate when compared with that of the specimen without heat treatment. Figure 13 shows the SEM micrograph of wear surface for AA8090/6% SiC p composite specimen subjected to conventional precipitation hardening at a temperature of 190°C and the applied load of 10 N. The grooves parallel to the slip direction indicate the presence of ploughing state together with microcuttings on the wear surface, which imply the existence of abrasive wear mechanism in this load. This mechanism was dominant in other specimens under different conditions. Figure 14 shows the wear surface of AA8090/6% SiC p composite specimen at peak aged with rapid heating, confirming the abrasive mechanism in this specimen. Figure 15 depicts the SEM image of wear surface for AA8090/6% SiC p composite subjected to precipitation hardening treatment with rapid heating at 190°C and applied load of 20 N. As it is shown, the wear lines can obviously be seen along with delamination, indicating that, by increasing the applied load of wear, the wear mechanism gradually turns to delamination and material removal, which has also been reported in other works [14, 15] . This mechanism was the same for other specimens under different conditions. Figure 16 shows the wear beneath the surface, which in turn results in surface softening in wear process under applied loads [13] . Therefore, it is expected that this phenomenon is more extreme in the case of rapid heating. According to Figures 17 and  18 , which show the SEM images of wear surfaces for the specimens under rapid heating and directional quenching, the amounts of material removal and delamination in the wear surface of the rapidly heated specimen are extremely higher than those of the other specimens.
surface of conventionally aged specimen at 20 N load. As can be seen in the figure, the ploughing is reduced relative to Figure 13 and delamination is appeared.
However, the results obtained at a wear load of 30 N show something different, such that the wear rate for specimen without heat treatment is lower than those for the heat-treated ones. By studying the images of wear surfaces after the application of 30 N load, one can notice the change in the ultimate wear mechanism compared to the case of application of 10 N load. Figure 17 shows the SEM image of the wear surface for AA8090/6% SiC p composite sample subjected to aging treatment with rapid heating at 190°C and the load of 30 N in which the delamination and material removal are observed. In this case, the parallel grooves indicative of abrasive wear mechanism were drastically reduced; hence, the mechanism can be considered as adhesive wear. The increase in wear rate for the heat-treated specimens compared to the non-heat-treated ones could be attributed to the reduction of ductility after reaching the maximum hardness, which resulted in the removal of the coarser particles during abrasive wear leading to more decrease in mass followed by an increase in the wear rate. This phenomenon has also been reported by other researchers [13, 16] . This increase in wear rate is more significant for the rapidly heat-treated specimens in comparison with those of the other types of heat treatment, which could be due to lower ductility of this sample (the results obtained from tensile test in Section 3.3 also confirms this phenomenon). The reduction of ductility in maximum hardness leads to the creation of plastic strain 
Conclusion
Precipitation hardening treatment with rapid heating compared to conventional aging resulted in the reduction of the time required to reach the maximum hardness. In addition, the maximum hardness, yield stress, and tensile strength increased, but elongation significantly decreased.
Precipitation hardening after directional quenching compared to conventional aging led to a decrease in peak time, whereas an increase in maximum hardness was achieved. It increased significantly the tensile strength and yield stress and also resulted in the rise of elongation, which is probably due to the increase in volume fraction and uniform distribution of δ′ particles using thermoelastic stresses and removing the hydrostatic pressure of quenching liquid.
The results of wear test showed a transition from mild to severe wear caused by an increase in the applied load from 20 to 30 N. In addition, the wear resistance of the composites is higher in peak-aged condition compared to extruded condition at loads of 10 and 20 N, whereas a higher wear resistance was observed for the non-heattreated specimen than that for the heat-treated specimens at the load of 30 N. Moreover, among the heat-treated specimens, lower wear rate was recorded for the specimen heat treated with directional quenching at this level of load.
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